Purpose: The purpose of this article is to assess the efficacy and safety of manual aspiration thrombectomy (MAT) using a Penumbra catheter in patients with anterior cerebral artery (ACA) occlusions. Materials and methods: From January 2012 to March 2016, 16 patients underwent MAT with Penumbra catheters using a proximal and distal supporting technique to treat ACA occlusions. We evaluated immediate angiographic results and clinical outcomes by reviewing patient electrical medical records. Results: Of these patients, 11 had a complete obstruction of the distal internal carotid artery (ICA) and five had ACA and middle cerebral artery (MCA) occlusions. All patients achieved successful recanalization of the distal ICA or MCA (Thrombolysis in Cerebral Infarction (TICI) grade 2b). Overall the recanalization rate for ACA occlusions (TICI grade2b) was 93.7% (15/16). The median procedure time was 45 minutes (range: 35-65 minutes). No patients were observed to have a procedure-related subarachnoid hemorrhage. Four patients (25.0%) died during hospitalization because of massive symptomatic hemorrhage, brain edema, or herniation. At discharge, the median NIHSS score for surviving patients was 6 (range: 1-17). Five patients had favorable clinical outcomes (modified Rankin scale 2).
Introduction
Early recanalization of occluded vessels in acute ischemic stroke (AIS) patients has been associated with improved clinical outcomes and reduced mortality. 1 Until 2004, the only United States Food and Drug Administration (FDA)-approved treatment modality for AIS was intravenous (IV) administration of tissue plasminogen activator (tPA). However, because tPA is associated with a low recanalization rate for large vessel occlusions, an intra-arterial endovascular treatment (EVT) with various mechanical devices, such as retriever stents or aspiration catheters, was developed that produces better recanalization rates. [2] [3] [4] Mechanical aspiration thrombectomy (MAT) is regarded as an effective treatment for AIS. 2 Moreover, newly developed devices and techniques have allowed for higher recanalization rates and better clinical outcomes. However, despite the favorable results that mechanical thrombectomy offers, various procedure-related complications can also occur.
Among them, fragmented clots created during mechanical thrombectomy may occlude or reduce flow not only to distal downstream arteries but also to side branches of primary occlusion vessels, creating a possible obstacle to patient recovery. However, mechanical thrombectomy studies were performed on the middle cerebral arteries (MCAs) or the distal internal carotid arteries (ICAs) in patients with acute stroke. Recently, Pfaff et al. 5 reported that occlusions of the distal anterior cerebral artery (ACA) affect approximately 8% of patients with AIS in the anterior circulation who underwent mechanical thrombectomy. Despite a high recanalization rate and a low complication rate, subsequent infarction in the ACA territory occurred in approximately half of patients. Herein, we retrospectively report on the safety and efficacy of MAT using a Penumbra catheter in patients with primary or secondary ACA occlusion.
Materials and methods

Patient selection
This retrospective study was approved by our institutional review board. From January 2012 to March 2016, patients with AIS due to suspicious occlusion of the anterior circulation were treated with MAT using a Penumbra catheter as a first-line EVT. Of these patients, we selected patients with a primary or secondary embolic occlusion of the ACA. All patients were initially evaluated with computed tomography (CT) or magnetic resonance imaging (MRI) and their angiographic status was routinely assessed by MR angiography or three-dimensional CT angiography. The inclusion criteria for EVT were: initial National Institutes of Health Stroke Scale (NIHSS) score 4, no evidence of intracerebral hemorrhage detected on cranial CT or MRI, obvious major vessel occlusion of the anterior circulation on CT or MR angiography, infarct core volume less than one-third of the MCA territory on diffusion-weighted imaging (DWI) or non-enhanced CT, and/or a perfusion deficit greater than two-thirds of the MCA territory or perfusion deficit volume on MRI showing a volume at least 30% larger than the lesion volume on DWI. Also, we excluded patients with no visualization of A1 orifice on cerebral angiography or hypoplastic A1 segment from this analysis.
Upon admission, a stroke neurologist assessed patients' NIHSS score. Eligible patients who met the standard National Institute of Neurological Disorders and Stroke criteria were treated with 0.9 mg/kg of IV recombinant tissue plasminogen activator (rtPA). Subsequent endovascular therapy was considered within one hour of IV rtPA for patients who had no neurological improvement, defined as an NIHSS score that remained unchanged from baseline or as having experienced a worsening neurological deficit.
EVT
One interventional neuroradiologist with 11 years of experience performed all EVTs. Written informed consent for cerebral angiography and EVT was obtained from each patient's family. All procedures were performed with the patient under local anesthesia delivered via a percutaneous transfemoral route. Systemic anticoagulation was initiated with a 3000-U bolus of IV heparin followed by a 1000-U/h infusion. A triple coaxial system, which was assembled by combining an outermost 80-cm 8F sheath (Shuttle-SL; Cook, Bloomington, IN, USA), a middle 100-cm 8F-guiding catheter (Guider Softip; Stryker, Natick, MA, USA), and an inner 125-cm selection catheter (Headhunter; Cook), was placed in the common carotid artery and the ICA for MAT. Once occlusion of the anterior circulation was verified by cerebral angiography, a double coaxial system was assembled by combining an outer Penumbra catheter and an inner Rebar 18 microcatheter (Covidien/EV3, Irvine, CA, USA). The microcatheter was advanced to the level of the thrombus using a 0.014-inch micro-guidewire (Synchro; Stryker Neurovascular, Freemont, CA, USA). We gently advanced the Penumbra catheter into the thrombus until it was tightly wedged. Subsequently, the microcatheter and micro-guidewire were removed and a 20ml syringe was connected to the proximal hub of the Penumbra catheter. We performed MAT on the ACA occlusion after recanalization of the occlusion in the distal ICA and MCA using a 5 or 4MAX catheter. Continuous manual aspiration was performed while maintaining a vacuum state between the tip of the Penumbra catheter and the thrombus while gently withdrawing the Penumbra catheter through the guide catheter. We used a proximal and distal supporting technique to advance the Penumbra catheter ( Figure 1 ).
All patients remained in a neurologic intensive care unit after MAT for observation. Follow-up CT imaging for evaluation of hemorrhage was routinely performed within 24 hours after MAT.
Outcome measures
We retrospectively analyzed all patient medical records for demographic, clinical, and angiographic data. The degree of vessel occlusion after treatment was determined based on patient Thrombolysis in Cerebral Infarction (TICI) scale score. Successful recanalization after treatment was defined as a TICI score 2b. The NIHSS and modified Rankin scale (mRS) were recorded for each patient upon admission and at three months post-procedure; a favorable functional outcome was defined as an mRS score 2. Procedurerelated symptomatic intracerebral hemorrhage (ICH) was defined as the presence of hemorrhage after treatment with any increase in NIHSS score compared to NIHSS at admission. Mortality was defined as death within 90 days of the initial attack.
Results
Patients
From January 2012 to March 2016, 350 consecutive patients with AIS caused by an occlusion of the anterior circulation were treated with MAT using a Penumbra catheter as first-line therapy. Of these patients, 16 underwent MAT for an ACA occlusion using a Penumbra catheter. Eleven patients initially had occlusions of the distal ICA and were detected to have secondary ACA occlusions after distal ICA recanalization. Five patients initially had an occlusion of the M1 and A2. Of these, the MAT for recanalization of A2 was performed with 041 Penumbra catheters in three cases and 4 MAX catheters in 13 cases.
Baseline clinical characteristics and preprocedural findings are summarized in Table 1 . Patients were more often male (56.3%) and had a median age of 74 years (age range: 55-88 years). Fourteen patients (87.5%) had a medical history of cardiac disease, such as atrial fibrillation or flutter. The time from symptom onset to admission ranged from 40 to 250 minutes (median: 125 minutes) and the time from admission to femoral puncture ranged from 40 to 90 minutes (median: 55 minutes). Median NIHSS score at admission was 15 (range: 10-22). Four patients (25.0%) received IV tPA before angiography. Initial mRS at admission ranged from 3 to 5 (median: 4).
Periprocedural findings, complications, and clinical outcomes
Of 16 patients who underwent ACA recanalization using the Penumbra catheter, 15 underwent a single pass of the Penumbra catheter for ACA recanalization, while one underwent a triple pass of the Penumbra catheter. One patient who underwent a triple-pass procedure was classified as having a TICI grade 2a at final angiogram. Overall, the rate of successful recanalization (TICI grade 2b) was 93.7% (15/16) ( Figure 2 ). Table 2 summarizes periprocedural findings, complications, and clinical outcomes. The median procedure time was 45 minutes (range: 35-65 minutes). The median time from symptom onset to recanalization was 242 minutes (range: 165-305 minutes).
No patients were observed to have procedure-related subarachnoid hemorrhage. No patients were observed to have procedure-related intracranial hemorrhage in the ACA territory. Four patients (25.0%) died during 
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Interventional Neuroradiology 23 (4) their hospitalization because of massive symptomatic hemorrhage, brain edema, or herniation. Five patients experienced intracerebral hemorrhage in the basal ganglia events after EVT during their hospital period. One had complete absorption of the intracerebral hemorrhage at discharge. At discharge, the median NIHSS score of the surviving patients was 6 (range: 1-17). Five patients had favorable clinical outcomes (mRS2).
Discussion
Embolic complications during mechanical thrombectomy for treatment of AIS are common and have been reported in several studies. [6] [7] [8] [9] Emboli to previously unaffected vessels or distal downstream vessels might worsen clinical symptoms or hamper neurological recovery. Several studies have reported that mechanical thrombectomy procedures that use flexible and large-bore catheters via a manual aspiration technique tend to be more efficient for reducing distal emboli compared with stent-based thrombectomy. 7, [9] [10] [11] [12] Chueh et al. 12 suggested using proximal flow control with a balloon-guided catheter during mechanical thrombectomy to reduce the risk of distal emboli. Nevertheless, it is almost impossible to completely prevent embolic complications during mechanical thrombectomy. It is generally difficult during mechanical thrombectomies for interventionists to remove procedural distal emboli from relatively small vessels. It is particularly difficult to extract clots in cases of distal ACA emboli because ACAs usually have a tortuous vascular course and many acute angles. However, when the ACA emboli are not removed, they can induce cerebral infarctions in the ACA territory, resulting in various neurologic sequelae, such as motor dysfunction, urinary incontinence, sensory deficits, or dysphasia. 13, 14 The frequency of new emboli developing during IV, intra-arterial, or combined IV and intra-arterial treatment of a large vessel occlusion in the anterior circulation has been reported to be between 1.7% and 15%. [15] [16] [17] In our study, 11 patients initially had an occlusion of the distal ICA, and ACA occlusions were detected after recanalization of the distal ICA. Five patients initially had an occlusion of M1 and A2. We thought that 11 patients (3.3%) had an ACA occlusion due to migration of the thrombus during recanalization of the distal ICA occlusion. Five patients (1.4%) had combined occlusions of the MCA and ACA based on initial angiography and imaging. Therefore, we performed MAT for recanalization in the 16 patients (4.6%) with ACA occlusions. This resulted in a relatively low frequency of primary ACA occlusions and secondary emboli after MAT for distal ICA occlusions compared with previous clinical studies. 5, 18 The earliest versions of the MAT technique yielded successful recanalization rates and functional outcomes that were inferior to those yielded by the stent-based thrombectomy (SBT) technique. 10, 19 Kang et al. 19 reported a series of 74 patients with AIS who were treated with a combination of MAT and SBT. They reported a primary successful recanalization rate (TICI 2b or 3) of 53% (39/74) with the MAT-SBT combination, which was inferior to that of SBT alone, as reported in the SWIFT PRIME trial. Jankowitz et al. 10 described similar results in a retrospective examination of 112 stroke cases who received MAT as a first-line therapy and an adjunctive device, such as the Merci retriever, Solitaire, or Trevo, as a rescue therapy. Successful recanalization with first-line MAT was achieved in 59% of cases. 19 In a study by Turk et al., 11 MAT with a large-bore aspiration catheter was used as a first-line endovascular therapy that was successful in achieving TICI 2b/3 recanalization in 78% of cases. The additional use of SBT improved the TICI 2b/3 recanalization rate to 95%. In their study, the average time from groin puncture to (at least) TICI 2b recanalization was 37 minutes, which was faster than those from previous catheter generations, specifically the 68-minute and 70-minute procedures reported by Kang et al. 19 and Jankowitz et al., 10 respectively.
Thus, we attempted to perform MAT for ACA occlusions using a proximal and distal supporting technique. First, we advanced an 8F-guiding catheter with a larger bore than commonly used for mechanical thrombectomy, which was our first technical change to achieve maximal proximal support, which allowed us to manipulate the microcatheter and microwire freely and minimize resistance that could result from the tortuous aortic arch and aorta brachiocephalic junction. For the second technical change, we used a 153-cm long Rebar 18 microcatheter, which is more than 3 cm longer than other commercial microcatheters. This gave us more catheter length to manipulate and advance more distally with the Penumbra reperfusion catheter. Third, we advanced the microcatheter and microwire more distally through the emboli up to the level of the distal ACA to get sufficient distal support. In doing so, we advanced the microwire ahead of the microcatheter through the acute angles. In a relatively straight course, we advanced the microcatheter to prevent perforation of the vessel by the microcatheter. Through this proximal and distal supporting technique, we were able to track and advance the reperfusion catheter into the ACA emboli and obtain successful recanalization and favorable functional outcomes without causing any neurological deficits.
In our study, the rate of successful recanalization in patients with ACA occlusions (TICI grade 2b) was 93.7%. A previous study reported that the recanalization rate after placement of a stent retriever in patients with ACA occlusions was 88%. 5 However, some patients experienced vasospasm and dissection after SBT. We expected vasospasms and dissections to occur because of traction in the ACA during SBT. In our study, no periprocedural complications, such as dissection, hemorrhage in the ACA territory, or vasospasm, occurred after undergoing MAT with a Penumbra catheter.
In this study, five patients (31.2%) had favorable clinical outcomes (mRS2). This result appears similar to that of a previous study, 5 but is also relatively lower than a previous MAT study using a Penumbra catheter in patients with MCA occlusions. 20 All patients with ACA occlusions initially had distal ICA occlusions or additional MCA occlusions. Therefore, this poorer outcome compared with a previous study might be because of the larger ACA and MCA infarction volume that occurred in this study.
Our study has several limitations. First, it is debatable whether mechanical thrombectomy for recanalization in patients with ACA occlusions should be performed because of the relatively abundant collateral flows into the ACA territory through the contralateral ACA or posterior cerebral arteries. Also, it is difficult to advance a Penumbra catheter to the target lesion or to remove a stent from the target lesion because of the tortuous vessel course and small vessel size of the ACA compared to the MCA. However, because the distal ACA is responsible for the blood supply to the supplementary motor area, if blood flow to the distal ACA is occluded, it can cause severe motor weakness, which could have a serious impact, not only on functional outcomes, but also on quality of life. We were able to advance the Penumbra catheter to target lesions in the 420
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